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Netrin is a chemotrophic factor known to regulate 
a number of neurodevelopmental processes, in- 
cluding cell migration, axon guidance, and syn- 
aptogenesis. Although the role of Netrin in synaptogenesis 
is conserved throughout evolution, the mechanisms by 
which it instructs synapse assembly are not understood. 
Here we identify a mechanism by which the Netrin receptor 
UNC-40/DCC instructs synaptic vesicle clustering in vivo. 
UNC-40 localized to presynaptic regions in response to 
Netrin. We show that UNC-40 interacted with CED-5/ 
DOCK1 80 and instructed CED-5 presynaptic localization. 



CED-5 in turn signaled through CED-1 0/Racl and MIG-1 0/ 
Lamellipodin to organize the actin cytoskeleton in presyn- 
aptic regions. Localization of this signaling pathway to 
presynaptic regions was necessary for synaptic vesicle 
clustering during synapse assembly but not for the sub- 
cellular localization of active zone proteins. Thus, vesicle 
clustering and localization of active zone proteins are in- 
structed by separate pathways downstream of Netrin. 
Our data indicate that signaling modules known to orga- 
nize the actin cytoskeleton during guidance can be co- 
opted to instruct synaptic vesicle clustering. 



Introduction 

Netrin is a chemotrophic factor originally discovered for its 
requirement in cell migration and axon guidance (Hedgecock 
et al., 1990; Ishii et al., 1992; Serafini et al., 1994). Genetic studies 
in Drosophila later indicated that the Netrin receptor Frazzled 
(homologous to Caenorhabditis elegans UNC-40 and vertebrate 
deleted in colorectal cancer [DCC]) is also required for short- 
range synaptic targeting (Winberg et al., 1998). Recent studies 
in C. elegans have also demonstrated that Netrin plays instruc- 
tive roles in directing the formation of en passant presynaptic 
specializations (Colon-Ramos et al., 2007; Poon et al., 2008; 
Park et al., 2011). The capacity of Netrin to instruct synapse 
formation is also conserved in vertebrates (Manitt et al., 2009; 
Xu et al., 2010). How Netrin instructs these conserved roles in 
synapse formation and how these mechanisms relate to Netrin's 
canonical guidance role are not understood. 

The capacity of guidance molecules to instruct synapse 
formation is not unique to Netrin. Many of the molecules origi- 
nally identified for their roles in axon guidance, such as Ephrins, 
Semaphorins, and Slits, are now known to play important roles 
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during synapse formation (Chen and Cheng, 2009; Shen and 
Cowan, 2010). Morphogenic signals such as Wnts can also spa- 
tially regulate the patterning of synaptic connections (Inaki 
et al., 2007; Klassen and Shen, 2007; Davis et al., 2008; Miech 
et al., 2008; Poon et al., 2008; Salinas and Zou, 2008). Although 
examples of guidance molecules controlling synapse formation 
abound, we understand less about how these molecules regulate 
synapse biology. 

Here we use the C. elegans AIY interneuron to identify 
the molecular mechanisms that act downstream of the UNC-40 
receptor to regulate synaptic vesicle clustering in vivo (Fig. 1 A). 
We show that core components of the canonical Netrin guidance 
pathway, such as Rac GTPases, have a novel role in synaptic 
vesicle clustering. We also demonstrate that CED-5 (a Rac gua- 
nine nucleotide exchange factor [GEF]) and MIG-10 (homol- 
ogous to vertebrate proteins RIAM and Lamellipodin) localize 
to presynaptic regions in a Netrin-dependent manner. Our 
data indicate that Netrin instructs synaptic vesicle clustering 
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Figure 1 . The UNC-40 intracellular domain is required for instructing synaptic vesicle clustering in AIY. (A) Schematic diagram of AIY morphology 
in the nerve ring (bracket]. Dashed box represents Zone 2 of AIY where AIY:RIA synapses form (White et al., 1986). Modified image adapted from 
www.wormatlas.org with permission from Zeynep Altun. (B-E) Distribution of synaptic vesicles in AIY in wild-type (B and D) or unc-40(e271j (C and E) animals 
as visualized with GFP::RAB-3 and represented in cartoon diagrams (D and E). RAB-3::GFP marker used here has been shown to associate with vesicles 
during the late stage of the secretory pathway (Matteoli et al., 1 991 ). Bar (B and C), 5 urn. (F and G) Localization of UNG40::GFP (F] and UNG40 ecto::mCh 
(G] expressed cell-specifically in AIY using the ttx-3 promoter. Note the enrichment of UNC-40::GFP (F) and UNG40 ecto::mCh (G) in Zones 2 and 3, 
but absent from asynaptic Zone 1 (bracket). Bar (F-J), 5 urn. (H) Localization of UNG40 intracellular domain::mCherry expressed cell-specifically in AIY. 
Note diffuse localization throughout neurite, including Zone 1 (bracket, compare with F and G). Although expression of the endodomain in other neurons 
has been shown to cause gain-of-function outgrowth and guidance phenotypes (Gitai et al., 2003), we did not observe gain-of-function phenotypes in 
AIY resulting from expression of this construct (see Fig. S3, H and I). (I-L) unc-40(e271 j mutant animals expressing an unc-40 minigene (I and K) or 
an unc-40 minigene lacking the intracellular domain (called unc-40 ecto; J and L). Presynaptic pattern was assayed with the GFP::RAB-3 probe in AIY. 
(M) Quantification of the AIY presynaptic phenotype in unc-40(e271 j animals with the unc-40 minigene or the unc-40 ecto minigene. Error bars represent 
95% confidence interval. In all images, asterisk represents location of the cell body and dashed box encloses AIY Zone 2; ***, P < 0.0001 between 
indicated groups by Fisher's exact test. 



by directing the asymmetric localization of downstream sig- 
naling molecules that organize the actin cytoskeleton at syn- 
aptic sites. 

Results 

The intracellular domain of UNC-40 is 
required for synaptic vesicle clustering 

The Netrin receptor UNC-40 has the conserved capacity to in- 
struct synapse formation (Colon-Ramos et al., 2007; Poon et al., 
2008; Manitt et al., 2009; Xu et al., 2010; Park et al., 201 1). For 
example, in C. elegans, UNC-40 is cell-autonomously required 
for presynaptic assembly in the AIY interneurons (Fig. 1, B-E; 
Fig. SI, G-I; Fig. S2, G-I; Colon-Ramos et al., 2007). The role 
of UNC-40 in presynaptic assembly is not the result of a guid- 
ance role, as antero-dorsal guidance in AIY is not dependent on 
UNC-40 (Altun-Gultekin et al., 2001; Colon-Ramos et al., 
2007). Furthermore, UNC-40 is localized to synaptic regions in 
response to Netrin (Fig. 1 F; Fig. S3 C; Colon-Ramos et al., 
2007). These data suggest that local UNC-40 activity mediates 
presynaptic assembly. 

To determine which domain of UNC-40 is required for 
synaptic vesicle clustering, we conducted structure-function stud- 
ies. We generated "UNC-40 ectodomain::mCh", a transgene con- 
taining the intact transmembrane and ectodomains of UNC-40 
with mCherry in lieu of the cytoplasmic domain (Fig. S3 A). 



We expressed this transgene cell-specifically in AIY and observed 
UNC-40 ectodomain::mCh enrichment in Zones 2 and 3, regions 
where presynaptic sites assemble (Fig. 1 G). The observed sub- 
cellular localization for the UNC-40 ectodomain is indistinguish- 
able from that of full-length UNC-40 (Fig. 1 F). In addition, as 
observed for the full-length receptor, the localization of the ecto- 
domain to Zones 2 and 3 is dependent on its ligand, UNC-6 (Fig. S3, 
C and G). These data suggest that the ectodomain is sufficient for 
UNC-40 localization to presynaptic sites in response to TJNC-6. 

To determine if the ectodomain is necessary for localization, 
we generated "UNC-40 endodomain: :mCh" and expressed it 
cell-specifically in AIY. This transgene consists of the intact 
transmembrane and endodomains of UNC-40 fused to mCherry 
(Fig. S3 A). Consistent with the importance of the ectodomain in 
UNC-40 localization, we observed that the UNC-40 endodomain 
was not enriched in presynaptic regions. Instead, it displayed a 
diffuse localization pattern throughout the entire AIY neurite 
(Fig. 1 H). Overexpression of the endodomain in AIY did not alter 
AIY synaptic vesicle patterning (Fig. S3 H). Together, our data 
indicate that the UNC-40 ectodomain is both necessary and suffi- 
cient to instruct the localization of UNC-40 to presynaptic regions. 

Given the capacity of the ectodomain to recapitulate the 
localization of the full-length receptor, we tested whether it was 
sufficient to rescue the synaptic vesicle clustering phenotype 
observed in unc-40( e271 ) mutants in AIY. To achieve this, we ex- 
pressed the UNC-40 ectodomain under the endogenous unc-40 
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promoter in unc-40(e271 ) mutant animals. We then visualized 
the presynaptic specializations in Zone 2 and Zone 3 of AIY 
by cell-specifically expressing the presynaptic vesicle marker 
GFP::RAB-3. As previously reported, unc-40(e271) mutant ani- 
mals display a highly penetrant presynaptic patterning defect in 
AIY (Fig. 1, C, E, and M; Colon-Ramos et al., 2007). Expression 
of full-length UNC-40 rescues the observed presynaptic pat- 
terning defect (Fig. 1, 1, K, and M; Colon-Ramos et al., 2007). In 
contrast, we observed that expression of the UNC-40 ectodo- 
main alone does not rescue the synaptic vesicle clustering defect 
in unc-40(e271) mutant animals (Fig. 1, J, L, and M). These data 
indicate that: (1) the ectodomain localizes to presynaptic sites in 
response to Netrin, but is not sufficient for rescue; and (2) the 
cytoplasmic domain of UNC-40 is required for instructing syn- 
aptic vesicle clustering in AIY, but is not sufficient for rescue. 

The Rac-GEF CED-5 mediates synaptic 
vesicle clustering downstream of UNC-40 

UNC-40 instructs synaptic vesicle clustering via its cytoplasmic 
domain, suggesting that molecules known to associate with this 
domain may be required for synaptic vesicle clustering. Genetic 
studies in C. elegans and biochemical studies in vertebrates show 
that Rac GTPases are activated in response to Netrin signaling 
via the UNC-40 cytoplasmic domain (Li et al., 2002a,b; Shekarabi 
and Kennedy, 2002; Gitai et al., 2003; Shekarabi et al, 2005; 
Quinn et al., 2008; Ziel et al., 2009). In vertebrates, Rac activation 
is mediated through the association of the UNC-40 homologue, 
DCC, with one of two GEFs, Trio (homologous to UNC-73) or 
DOCK180 (homologous to CED-5; Honigberg and Kenyon, 2000; 
Forsthoefel et al., 2005; Briancon-Marjollet et al., 2008; Li et al., 
2008). We examined the genetic requirement of these two GEFs 
in AIY synaptic vesicle clustering. Mutation of unc-73 resulted 
in severe axon outgrowth defects in AIY. We observed that 97.3% 
of the unc-73(e936) mutants failed to extend dorsally into 
the nerve ring (n = 148; Fig. S4, F and H). Our observations are 
consistent with other studies of the role of unc-73 in AIY neu- 
rodevelopment (Altun-Gultekin et al., 2001). This phenotype 
for unc-73(e936) mutants is different from that observed for 
unc-40(e271 ) mutants, in which 93% of animals display correct 
axon guidance (Fig. S4 B; Altun-Gultekin et al., 2001; Colon- 
Ramos et al., 2007). The requirement of UNC-73 in axon 
outgrowth prevented us from assessing its role in synaptic vesi- 
cle clustering. Although we cannot discard a potential role for 
this GEF in synaptic vesicle clustering events, the observed out- 
growth phenotype indicates that UNC-73 is involved in UNC- 
40-independent outgrowth events in AIY. 

We next examined whether the DOCK180 homologue, 
CED-5, is required for correct AIY neurodevelopment. We 
examined three putative null alleles of ced-5 (nl812, tml949, 
and tml950) and observed that unlike unc-73(e936) animals, 
ced-5 mutants do not display axon guidance defects (Fig. S4, C, 
F, and I). We then examined synaptic vesicle markers in ced-5 
mutants. Like unc-40(e271 ) mutants, ced-5 mutant animals dis- 
played a highly penetrant presynaptic patterning defect as visual- 
ized using synaptic vesicle markers GFP::RAB-3 and SNB-1:: 
YFP (Fig. 2, C and D; Fig. SI, J-L; Nonet, 1999). We found 
that 94.4% of ced-5(nl812) mutant animals have reduced 



synaptic vesicle clustering in Zone 2. Quantification of average 
fluorescence of GFP::RAB-3 revealed a twofold reduction as com- 
pared with wild-type animals in all synaptic regions (n = 108; 
Fig. 2, G and H; unpublished data). Interestingly, unlike unc-40 
mutants, ced-5 mutant animals do not display guidance or post- 
synaptic receptor distribution defects in postsynaptic partner RIA 
(Fig. S5, B and D-I). Thus, our data indicate that CED-5 is re- 
quired for synaptic vesicle clustering in AIY. Our data also indi- 
cate that the UNC-40-mediated guidance mechanisms in RIA 
are genetically separable from the UNC-40-mediated synaptic 
vesicle clustering mechanisms in AIY. 

ced-5 mutants phenocopy unc-40 mutants, consistent with 
the hypothesis that these two molecules act in the same pathway 
to instruct synaptic vesicle clustering in AIY. To further test 
this hypothesis, we constructed a ced-5(nl812);unc-40(e271 ) 
double-mutant strain and visualized axon guidance and synaptic 
vesicle clustering in AIY. The ced-5(nl812);unc-40(e271 ) dou- 
ble mutant had enhanced guidance defects. For instance, 26.7% 
of the ced-5(nl812);unc-40(e271) double mutants exhibit AIY 
neurite truncations (n = 107). We analyzed the presynaptic pat- 
tern of ced-5(nl812);unc-40(e271 ) mutant animals that dis- 
played normal guidance (Fig. 2 G). We observed that animals 
displaying normal guidance in the double mutants still displayed 
a presynaptic patterning defect that was similar to the presynaptic 
phenotypes seen in the single mutants; all displayed a reduction 
of synaptic vesicle clusters in the Zone 2 region and disorganized 
presynaptic sites in the Zone 3 region (Fig. 2, E and F). To further 
assay the phenotype, we quantified the average fluorescence in 
Zone 2 and observed that the reduction of synaptic vesicle clusters 
in the double-mutant animals is similar to that observed in ced-5 
(nl812) single mutants (Fig. 2 H). We also observed that the 
reduction of average AIY total fluorescence in unc-40( e2 71 ); 
ced-5(nl812) mutants was similar to that of ced-5 mutants 
(unpublished data). 

The fact that the expressivity of the presynaptic patterning 
phenotype in the double mutant is qualitatively and quantitatively 
similar to that seen for the ced-5 single mutants is consistent with 
our hypothesis that CED-5 acts downstream of UNC-40 to instruct 
synaptic vesicle clustering in AIY. To further examine the genetic 
interaction of CED-5 and UNC-40 in synaptic vesicle clustering, 
we built transheterozygotes of these alleles. ced-5(nl812) and 
unc-40(e271) are recessive alleles that, in heterozygote animals, 
predominantly display a wild-type phenotype in AIY. However, 
when we generated ced-5/+;unc-40/+ transheterozygote animals, 
we observed that while AIY guidance was wild type, there was a 
significant enhancement of the percentage of animals displaying 
a synaptic vesicle clustering defect in AIY (Fig. 3 P). Together, 
our findings indicate that CED-5 and UNC-40 genetically interact 
to instruct synaptic vesicle clustering in AIY. 

We had previously shown that local signaling by Netrin 
induces UNC-40 clustering at presynaptic regions and results in 
presynaptic assembly (Colon-Ramos et al., 2007). The source 
of Netrin in this region is a neuroglial cell (Wadsworth et al., 
1996). Altering the position or morphology of these neuroglia 
affects UNC-40 localization and presynaptic assembly in AIY 
(Colon-Ramos et al., 2007). To understand how CED-5 interacts 
with UNC-40 in synaptic vesicle clustering, we first investigated 
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Figure 2. The Rac GEF CED-5 is required downstream of UNC-40 for AIY synaptic vesicle clustering. (A-F) Distribution of synaptic vesicles in AIY in wild 
type (A and B), ced-5(n 1812} (C and D), and ced-5(n 1 812j;unc-40(e271j (E and F) mutants. Note that the distribution of synaptic vesicles is disrupted in 
ced-5(n 1812j and ced-5(nl 81 2j;unc-40(e271j double mutants compared with wild type. (G) Quantification of the percentage of animals displaying an 
AIY presynaptic defect in wild type (n = 318), unc-40(e271j (n = 299), ced-5(n1812j (n = 108), ced-5(nl812j;unc-40(e271j (n = 105), and ced-5(n!812j + 
chimeric rescue construct UNC-40: :CED-5 (n = 1 00). ** *, P < 0.001 between indicated groups by Fisher's exact test. Error bars represent 95% confidence 
interval. (H) Quantification of the relative distribution of GFP::RAB-3 at the presynaptic Zone 2 (dashed box) in wild type (n = 25), unc-40(e271 j (n = 37), 
ced-5(nl 81 2) [n = 37), and ced-5(nl 81 2);unc-40(e271) (n = 53) mutants (AU, arbitrary units). *, P < 0.05 between mutants and wild type by Fischer 
individual and Tukey simultaneous confidence intervals. Error bars represent SEM. (I) Distribution of synaptic vesicles in AIY in ced-5(nl 81 2) mutants 
expressing the UNC-40:CED-5 chimera protein. Note that the synaptic vesicle clustering defect in ced-5 mutants is significantly rescued with the chimera 
UNC-40::CED-5 construct (compare with C). (J and K) Confocal micrographs of animals expressing CED-5::GFP cell-specifically in AIY in wild-type (J) and 
unc-40(e271 j mutant animals (K). Note that there is decreased CED-5::GFP signal in the unc-40(e271j mutants in Zone 2 (dashed box) relative to that in 
wild-type animals. In all images, asterisk represents location of the cell body and dashed box encloses AIY Zone 2. Bar, 5 urn. 



whether the reported mutant backgrounds altered the morphology 
or position of the UNC-6-secreting neuroglia. When we visualized 
the UNC-6-secreting cell in the examined mutant backgrounds, we 
did not observe a change in the position or morphology of the neu- 
roglia with respect to AIY, suggesting that the observed effects in 
synaptic vesicle clustering were not due to disruption of the mor- 
phology of the UNC-6-secreting cell (Fig. S4, A-E). 

To understand the synaptic role of CED-5, we then exam- 
ined its subcellular localization in AIY. To achieve this, we gen- 
erated transgenes expressing CED-5 ::GFP cell-specifically in AIY. 



We observed that in wild-type animals, CED-5 is enriched in 
presynaptic Zone 2 (Fig. 2 I). We then examined if CED-5 en- 
richment in Zone 2 was dependent on UNC-40. Interestingly, we 
observed a decrease of CED-5 ::GFP localization to presynaptic 
regions in unc-40(e271) mutants, indicating that UNC-40 is 
required for CED-5 clustering in Zone 2 (Fig. 2 K). We did 
not detect any disruption in UNC-40: :GFP localization in 
ced-5(nl812) mutants (Fig. S3 D). These cell biological data are 
consistent with our genetic analysis and further suggest that CED-5 
acts downstream of UNC-40 in synaptic vesicle clustering. 
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In vertebrates, the CED-5 homologue, DOCK180, directly 
interacts with the endodomain of the UNC-40 homologue, DCC, 
to direct guidance (Li et al., 2008). Based on our genetic and cell 
biological data, we hypothesized that CED-5 directly interacts 
with the UNC-40 endodomain in AIY to instruct synaptic vesicle 
clustering. To test this hypothesis in vivo, we generated an 
UNC-40: :CED-5 chimera, in which the CED-5 cDNA was fused 
in-frame with the full-length UNC-40 receptor at the C terminus. 
To determine if the direct interaction between UNC-40 and 
CED-5 was sufficient for instructing synaptic vesicle clustering, 
we examined the ability of this chimeric protein to rescue the 
ced-5(nl812) mutant phenotype in AIY. Indeed, we observed 
that expression of the chimeric transgene significantly rescued 
the AIY presynaptic patterning defect in ced-5(nl812) mutants 
(Fig. 2, G and I). Together, our data indicate that CED-5 local- 
izes to presynaptic sites in response to UNC-40, where it instructs 
synaptic vesicle clustering. 

CED-10 is required for synaptic vesicle 
clustering in AIY 

In both vertebrates and invertebrates, the major targets of CED-5 
are Rac GTPases (Kiyokawa et al., 1998; Nolan et al., 1998; 
Reddien and Horvitz, 2000; Lundquist et al., 2001). Therefore, 
we hypothesized that UNC-40 and CED-5 might regulate syn- 
aptic vesicle clustering through Rac GTPases. C. elegans has 
three Rac genes that interact with the CED-5 GEF during devel- 
opment to control neuronal cell migration and axon pathfinding: 
ced-10, mig-2, and rac-2 (Fig. 3 A; Lundquist et al., 2001). In 
AIY, mig-2(mu28) and rac-2(ok326) mutant animals did not 
display cell migration or axon guidance defects (unpublished 
data). ced-10(n3246) mutants exhibited mildly penetrant out- 
growth defects (16.2% of mutant animals had AIY truncations; 
n = 148), but in most animals, cell migration and axon guidance 
were wild type (Fig. S4, D, F, and I). 

To examine the role of these Racs in AIY synaptic vesicle 
clustering, we visualized GFP::RAB-3 in loss-of-function mutants 
for each of these three Racs. mig-2(mu28) and rac-2(ok326) mu- 
tants did not display major defects in synaptic vesicle clustering 
(Fig. 3, D-G and N). However, ced-10(n3246) loss-of-function 
mutants displayed a highly penetrant presynaptic patterning 
defect as visualized using synaptic vesicle markers GFP::RAB-3, 
SNB-1::YFP, and SNG-1::YFP (98.4% of ced-10(n3246) animals, 
n = 63; Fig. 3, H, I, and N; Fig. SI, M-O; Fig. S2, 1-L; Nonet, 
1999; Zhao and Nonet, 2001). A weaker loss-of-function ced-10 
allele, ced-10{nl993), exhibited a similar phenotype (unpublished 
data). Our data suggest that MIG-2 and RAC-2 are not required 
for AIY development, but that CED-10 is required for synaptic 
vesicle clustering in AIY. 

We then examined if CED-10 acts downstream of CED-5 
and UNC-40 in synaptic vesicle clustering by assaying the pre- 
synaptic patterning defect in ced-10(nl993);ced-5(nl812) and 
ced-10(n3246);unc-40(e271) double mutants. Consistent with 
CED-10 acting in the same pathway as UNC-40 and CED-5, we 
observed that ced-10(nl993);ced-5(nl812) and ced-10(n3246); 
unc-40(e271 ) double mutants displayed phenotypes that were 
qualitatively similar to that seen for the ced-10(n3246) single 
mutants (Fig. 3, J-M). 



To further examine the potential genetic interaction between 
UNC-40, CED-5, and CED-10 in synaptic vesicle clustering, we 
built transheterozygotes of these genes. ced-10(n3246) is a reces- 
sive allele and heterozygote animals predominantly display a 
wild-type phenotype. When we generated ced-10/+;unc-40/+ and 
ced-10/+;ced-5/+ transheterozygote animals, we observed a sig- 
nificant enhancement of the percentage of animals displaying syn- 
aptic vesicle clustering defects in AIY (Fig. 3 P). Together, our 
findings indicate that UNC-40, CED-5, and CED-10 interact to 
instruct synaptic vesicle clustering in AIY. 

MIG-10 acts cell-autonomously in AIY 
to mediate synaptic vesicle clustering 
downstream of UNC-40 

CED-10 acts through a number of effectors that regulate the 
actin cytoskeleton (Quinn and Wads worth, 2008). One of them, 
UNC-l 15 (homologous to abLIM), interacts with Racs in axon 
pathfinding (Lundquist et al., 1998; Struckhoff and Lundquist, 
2003). However, unc-1 15(ky275) mutants did not display major 
defects in synaptic vesicle clustering (Fig. 3 Q). 

Another effector, MIG-10 (homologous to RIAM and 
Lamellipodin), is an evolutionarily conserved molecule that 
regulates actin polymerization and can directly bind to CED-10 
(Fig. 4 A; Quinn et al., 2008). Interestingly, MIG-10 has been 
shown to asymmetrically localize in response to Netrin to me- 
diate directional axon outgrowth and cell migration (Manser 
and Wood, 1990; Manser et al., 1997; Adler et al., 2006; Chang 
et al., 2006; Quinn et al., 2008). 

We did not detect significant guidance or cell migration de- 
fects in mig-10(ct41) mutants in AIY (Fig. S4, E, F, and K). Instead, 
mig-10(ct41 ) mutants displayed a highly penetrant presynaptic pat- 
terning defect in AIY Zone 2 as visualized using synaptic vesicle 
markers GFP::RAB-3, SNB-1::YFP and SNG-1::YFP (87.9% of 
animals, n = 141; Fig. 4, C, E, and F; Fig. SI, P-R; Fig. S2, M-O). 
Additionally, quantification of the average GFP::RAB-3 fluo- 
rescence revealed that there was a statistically significant re- 
duction of synaptic vesicle clusters when compared with wild-type 
animals (Fig. 4 G; unpublished data). Together, our data are 
consistent with a model in which UNC-40 instructs synaptic 
vesicle clustering in AIY through CED-5, CED-10, and MIG-10. 

Because UNC-40 acts cell-autonomously in AIY to instruct 
presynaptic assembly (Colon-Ramos et al., 2007), we examined 
whether MIG-10 acts cell-autonomously in AIY to instruct syn- 
aptic vesicle clustering. To achieve this, we used a fosmid con- 
taining the mig-10 gene. Expression of this rescuing fosmid in 
mig-10( ct41 ) mutant animals resulted in robust rescue of the AIY 
synaptic vesicle clustering defect (Fig. 4 H). To examine where 
MIG-10 functions to direct AIY synaptic vesicle clustering, we 
took advantage of the mitotic instability of the transgene arrays 
and analyzed mig-10( ct41 ) mosaic animals retaining the rescuing 
fosmid array in subsets of cells (Fig. 4 H; Yochem and Herman, 
2003). We observed that mosaic animals retaining the array in 
AIY were rescued for the AIY presynaptic defect, whereas animals 
that did not retain the array in AIY, but retained it in other cells, 
such as postsynaptic partner RIA, did not show any detectable 
rescue of the AIY presynaptic defect (Fig. 4 H). Consistent with 
this result, we also observed that MIG-10 is expressed in AIY 
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Figure 3. The RacGTPase CED-10 is required for AIY synaptic vesicle clustering. (A) Schematic of examined Rac GTPases downstream of CED-5. (B-M) 
Distribution of AIY synaptic vesicles in wild type (B and C), mig-2(mu28j (D and E), rac-2(ok326) (F and G), ced-1 0(n3246] (H and I), ced-1 0(n3246j;unc- 
40(e271j (J and K), and ced-1 0(nl 993);ced-5(nl 81 2) (L and M) mutants. Note that distribution of synaptic vesicles is disrupted in ced-1 0(n3246), ced- 
1 0(n3246);unc-40(e271), and ced-1 0(n1 993);ced-5(n1 81 2) mutants compared with wild type. (N) Quantification of the percentage of animals displaying 
a disrupted AIY presynaptic pattern in wild type (n = 318], ced-5(nl812j [n = 109), rac-2(ok326] (n = 96), mig-2(mu28) (n =113), and ced-1 0(n3246j 
(n = 63) mutants. ***, P < 0.001 between indicated groups by Fisher's exact test. Error bars represent 95% confidence interval. (O) Quantification of 
the relative distribution of GFP::RAB-3 at the presynaptic Zone 2 in wild type (n = 25), unc-40 (n = 37), ced-5 (n = 37), and ced-10 [n = 39) mutants 
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Figure 4. MIG-10 is cell-autonomously required in AIY for synaptic vesicle clustering in Zone 2. (A) Schematic of the pathway downstream of UNC-40. 
(B-E] Distribution of synaptic vesicles in AIY in wild type (B and D) and mig-1 0(ct41) (C and E) mutants. Note that the distribution of synaptic vesicles is 
disrupted in mig-10(ct4 Ij mutants. Bar (B and C) 5 unn. (F) Quantification of the percentage of animals displaying a disrupted presynaptic pattern in AIY 
in wild type (n = 318), ced-1 0(n3246j (n = 63) and mig-1 0(ct41 ) (n = 141) mutants. ***, P < 0.001 between indicated groups by Fisher's exact test. 
Error bars represent 95% confidence interval. (G) Quantification of the relative distribution of GFP::RAB-3 at the presynaptic Zone 2 (dashed box) in wild 
type (n = 25) and mig-10(ct4 1) [n = 37) mutants (AU, arbitrary units). *, P < 0.05 between indicated groups by unpaired f test. Error bars represent SEM. 
(H) mig-1 0(ct4 Ij mutant animals expressing an unstable transgene containing a mig-1 0 rescuing fragment and cytoplasmic cell-specific markers in AIY and 
RIA were scored for retention of the transgene and rescue of the AIY presynaptic phenotype. Note that retention of the rescuing transgene in AIY, but not 
other cells (as determined by retention in RIA), results in rescue of the presynaptic defect. ***, P < 0.001 between indicated groups by Fisher's exact test. 
Error bars represent 95% confidence interval. In all images, asterisk represents the location of the cell body; dashed box encloses Zone 2. 



(unpublished data). Additionally, similar to ced-5 mutants, we did 
not observe guidance or postsynaptic patterning defects in the 
postsynaptic partner, RIA, in mig-10(ct41) mutants (Fig. S5, B, G, 
and L). Thus, our data indicate that mig-10 acts cell-autonomously 
in AIY to instruct synaptic vesicle clustering. 

To better understand how local signaling by Netrin results 
in synaptic vesicle clustering, we examined the subcellular local- 
ization of MIG-10 by generating a transgene expressing MIG-10 
cDNA cell-specifically in AIY. We observed that MIG-10::GFP is 
enriched in presynaptic regions (Fig. 5 A). This localization is dif- 
ferent from that seen for cytoplasmic expression of GFP (Fig. 5 B), 
but is reminiscent of CED-5: :GFP localization (Fig. 2 1). Interest- 
ingly, MIG-10: :GFP has previously been shown to localize asym- 
metrically during axon outgrowth in other neurons in response to 
Netrin (Adler et al., 2006; Quinn et al., 2008). 

We next tested whether MIG-10 localization to presynaptic 
regions was dependent on UNC-6 and UNC-40 by visualizing 
MIG-10::GFP in unc-6 (ev400) and unc-40(e2 71) mutant back- 
grounds (Fig. 5, C and D). We observed a statistically signifi- 
cant decrease of MIG-10:: GFP enrichment in presynaptic regions 
in unc-6(ev400) and unc-40(e271) mutants, suggesting that 
UNC-6 and UNC-40 are required for MIG-10 localization to 
presynaptic regions (Fig. 5 E). Conversely, there was no noticeable 



disruption in UNC-40::GFP localization in mig-10(ct41 ) 
mutants (Fig. S3 F). We also observed a statistically significant 
decrease of MIG-1 0::GFP enrichment in presynaptic regions 
in ced-5(nl812) and ced-10(n3246) mutant animals (Fig. 5 E). These 
cell biological data are consistent with our genetic analyses 
and reaffirm that MIG-10 acts downstream of UNC-6, UNC-40, 
CED-5, and CED-10 in synaptic vesicle clustering. 

CED-5 and MIG-1 □ are not required for 
the localization of active zone proteins 
SYD-1 and SYD-S 

UNC-40 is required for presynaptic assembly in the AIY inter- 
neurons, and unc-40 mutant animals display a significant reduc- 
tion of both synaptic vesicle clusters and active zone proteins at 
presynaptic sites (Fig. S l , G-I; Fig. S2, G-l ; Fig. 6, A-D; Colon- 
Ramos et al., 2007). To determine if the examined downstream 
pathway was also required for the localization of active zone 
proteins to presynaptic sites, we visualized the subcellular local- 
ization of SYD-l::GFP and SYD-2::GFP (Fig. 6, A-H). SYD-l 
and SYD-2 are evolutionarily conserved proteins that localize to 
active zones and are required for active zone assembly in a num- 
ber of neurons, including AIY (Fig. 6, A, B, and J; unpublished 
data; Zhen and lin, 1999; Hallam et al., 2002; Yeh et al., 2005; 



(AU, arbitrary units). *, P < 0.05 between indicated groups by Fischer individual confidence intervals. Error bars represent SEM. (P) Transheterozygote analysis. 
Quantification of the percentage of animals displaying a disrupted presynaptic pattern in AIY in wild type (n = 3 18), unc-40(e271)/+ heterozygotes (n = 
57), ced-5(nl 812)/+ heterozygotes (n = 69), ced-1 0jn3246)/+ heterozygotes (n = 62), unc-40fe271)/+; ced-5(nl 812)/+ transheterozygotes (n = 40), 
unc-40(e271)/+;ced-10(n3246)/+ transheterozygotes (n = 34), and cedSjnl 81 2)/+;ced-l 0(n3246)/+ transheterozygotes (n = 59). Note that a sig- 
nificant percentage of transheterozygote animals display synaptic vesicle clustering defects in AIY as compared with wild-type or heterozygote animals. 
***, P < 0.0001 between indicated groups by Fisher's exact test. Error bars represent 95% confidence interval. (Q) Distribution of synaptic vesicles in 
unc- 1 15(ky275) mutants. Note that the presynaptic pattern resembles that of wild-type animals (B). In all images, asterisk represents the location of the cell 
body; dashed box encloses Zone 2. Bar, 5 unn. 
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Figure 5. MIG-10 localizes to presynaptic regions in response to Netrin. (A) Confocal micrograph showing MIG-10::GFP subcellular localization cell- 
specifically in AIY. Bar, 5 pm. (B) Confocal micrograph showing cytoplasmic GFP expressed cell-specifically in AIY. Note that cytoplasmic signal is diffuse 
throughout the neurite, including Zone 1 (B, bracket), whereas MIG-10 is enriched in presynaptic regions (A, dashed box and arrows). Bar, 5 pm. (C and D) 
Confocal micrographs showing MIG-10::GFP subcellular localization expressed cell-specifically in AIY in unc-6(ev400) (C) and unc-40(e271 j (D) mutant 
animals. Note that MIG-1 0::GFP is less enriched in Zone 2 in the two mutant backgrounds, as compared with wild-type animals (A). Bar (C and D), 5 pm. 
(E) Quantification of the relative MIG-1 0::GFP distribution in AIY presynaptic Zone 2 region in wild type (n = 49), unc-6(ev400j [n = 31), unc-40(e271j 
(n = 18), ced-5(n 1 8 12j (n = 43), and ced-10(n3246j (n = 1 7) mutant animals. *, P < 0.05 between mutants and wild type by Fischer Individual and Tukey 
simultaneous confidence intervals. Error bars represent SEM. Dashed box encloses AIY Zone 2 and asterisk represents location of the cell body. 



Dai et al., 2006; Patel et al., 2006; Jin and Garner, 2008). Inter- 
estingly, although UNC-40 is required for the subcellular localiza- 
tion of SYD-1::GFP and SYD-2::GFP to presynaptic sites, we 
could not detect defects in the subcellular localization of these 
active zone proteins in ced-5(nl812) or mig-10(ct41) mutants 
(Fig. 6, A-H). In addition, we observed that although syd-l(ju82) 
and mig-10(ct41) single mutants both display highly penetrant 
synaptic vesicle clustering defects, the expressivity of the defects 
is qualitatively different. When we created a syd-l(ju82); mig-10 
(ct41) double mutant, we observed an enhancement of the vesicle 
clustering defects as compared with the single mutants (Fig. 6, J-L). 
Together, our data indicate the existence of a parallel pathway 
downstream of UNC-40 required for localization of active zone 
proteins to presynaptic sites. Our data also suggest that the 
mechanisms that instruct active zone formation and synaptic vesicle 
clustering downstream of UNC-40 are genetically separable. 



Netrin instructs F-actin accumulation at 
presynaptic sites 

Our data indicate that Netrin instructs synaptic vesicle clustering 
through a Rac GTPase and MIG-10. These molecules have the 
shared capacity to induce local changes in cytoskeletal dynamics 
by regulating actin polymerization (de Curtis, 2008; Quinn and 
Wadsworth, 2008; Quinn et al., 2008). A number of studies have 
shown that disruption of F-actin specifically during synapto- 
genesis results in fewer presynaptic assemblies, indicating a role 
for F-actin during synaptogenesis (Colicos et al., 2001; Zhang 
and Benson, 2001, 2002; Sankaranarayanan et al., 2003; Lucido 
et al., 2009). Therefore, we hypothesized that CED-5, CED-10, 
and MIG-10 are required downstream of Netrin to organize the 
actin cytoskeleton in presynaptic regions (Fig. 7 A). 

To examine this hypothesis, we visualized F-actin in AIY by 
cell-specifically expressing the in vivo F-actin probe UtrCH::GFP 
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Figure 6. CED-5 and MIG-10 are not required for the presynaptic localization of active zone proteins. (A-H) Localization of active zone proteins, SYD-1 ::GFP 
(A, C, E, and G] and SYD-2::GFP (B, D, F, and H) in wild type (A and B), unc-40{e271) (C and D), ced-5(nl 81 2) (E and F), and mig-10(ct41) (G and H] 
mutant animals. Note that in unc-40 mutants SYD-1 ::GFP and SYD-2::GFP display disrupted localization in presynaptic zones compared with wild type. 
However, mig-10 and ced-5 mutants do not display altered localization of these active zone proteins as compared with wild type. (I-L) Distribution of syn- 
aptic vesicle clusters (visualized with GFP: RAB-3) in wild type (I), syd-1 (ju82J (J), mig-10fct41) (K), and syd-1 (ju82);mig-l 0(ct41 j (L) mutants. Although both 
syd- / and mig-10 mutants display a high penetrance defect in synaptic vesicle distribution, syd- 1, mig-10 double mutants display an enhanced expressivity 
of the mutant phenotype. In all images, the dashed box encloses Zone 2 and asterisk represents location of the cell body. Bar, 5 pm. 



(Burkel et al., 2007). In wild-type animals, we observed that 
F-actin was enriched in the presynaptic regions of AIY (« = 66; 
Fig. 7, B and C). We then examined the requirement of UNC-6 
and its receptor, UNC-40, in presynaptic F-actin accumulation 
by visualizing the UtrCH::GFP marker in unc-6(ev400) and 
unc-40(e271) mutants (Fig. 7, D and E). We observed a statisti- 
cally significant reduction of F-actin accumulation in presynaptic 
regions in unc-6(ev400) and unc-40(e271) mutants, consistent 
with a role for Netrin in regulating the organization of actin in 
presynaptic regions (n = 11, n = 17, respectively; Fig. 7 B). 

To examine if Rac GTPases and MIG-10 were also required 
for F-actin accumulation at presynaptic sites, we visualized the 
UtrCH::GFP marker in ced-10(n3246) and mig-10(ct41) mu- 
tants (unpublished data and Fig. 7 F, respectively). Similar to 
unc-6(ev400) and unc-40(e271 ) mutants, ced-10(n3246) and 



mig-10(ct41) mutants displayed statistically significant reductions 
of F-actin accumulation at presynaptic sites (n = 25, n = 45, re- 
spectively; Fig. 7 B). These data indicate that Netrin, Rac GTPases, 
and MIG-10 are required for F-actin accumulation in presynaptic 
regions. In addition, we observed that MIG-10 partially colocal- 
ized with F-actin at presynaptic regions (Fig. 7, G-I). Therefore, 
our data indicate that CED-10 and MIG-10 are required down- 
stream of Netrin to organize the actin cytoskeleton and instruct 
synaptic vesicle clustering in AIY presynaptic regions. 

Discussion 

Studies in C. elegans, Drosophila, and vertebrates have demon- 
strated that Netrin plays a conserved role in instructing synapse 
formation (Winberg et al., 1998; Colon-Ramos et al., 2007; 
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Figure 7. MIG-10 is required for F-actin orga- 
nization in presynaptic regions. (A) Schematic of 
the examined pathway. (B) Quantification of the 
distribution of F-actin, as visualized by the UtrCH::GFP 
probe, in AIY Zone 2 region in wild type (n = 66), 
unc-6(ev400j (n = 1 1), unc-40(e271j In = 17], 
ced-10(n3246j [n = 25), and mig-10{cl41) (n = 
45) mutants. *, P < 0.05 between mutants and 
wild type by Fischer individual and Tukey simul- 
taneous confidence intervals. Error bars represent 
SEM. (C-F) Confocal micrographs of animals 
expressing the F-actin probe, UtrCH::GFP, cell- 
specifically in AIY in wild type (C), unc-6(ev400j (D), 
unc-40(e271j (E), and mig-W(ct41) (F) mutant 
animals. Note that F-actin is disorganized in unc-6 
(ev400j, unc-40(e271}, mig-10(ct41j mutants and 
that there is decreased F-actin accumulation in 
Zone 2 compared with wild type. Bar (C-F), 5 urn. 
(G-l) Confocal micrographs of Zones 2 and 3 of 
a transgenic animal expressing MIG-10::mCh (G) 
and UtrCH::GFP (H) cell-specifically in AIY. Merge 
in panel I. Synaptic regions are expanded in these 
images to allow evaluation of partial colocaliza- 
tion of the two proteins (arrows). In all images, the 
dashed box encloses Zone 2 and asterisk repre- 
sents location of the cell body. Bar (G-l), 5 pm. 
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Poon et al., 2008; Manitt et al., 2009; Xu et al., 2010; Park et al., 
2011). How Netrin instructs synapse formation and how these 
mechanisms relate to Netrin' s canonical guidance role are not 
understood. Here we identify the molecular mechanisms by 



which Netrin instructs synaptic vesicle clustering in the C. elegans 
AIY intemeuron. Our data indicate that Netrin instructs synaptic 
vesicle clustering through the GEF CED-5, the GTPase CED-10, 
and cytoplasmic adapter molecule MIG-10. These three molecules 
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are required for Netrin-mediated cell migration and axon guid- 
ance in other neurons (Manser and Wood, 1990; Lundquist et al., 
2001; Gitai et al., 2003; Adler et al., 2006; Chang et al, 2006; 
Quinn et al., 2008). In AIY, these molecules are instead required 
for synaptic vesicle clustering downstream of Netrin. Although 
our cell biological study was focused on the AIY interneuron, 
the identified pathways are well conserved throughout evolu- 
tion. Therefore, we hypothesize the mechanisms reported here 
will also instruct vesicle clustering in other cells and organisms 
where Netrin and DCC direct synapse formation. 

Interestingly, we find that these molecules are dispensable 
for instructing the localization of active zone proteins, which 
suggests a genetic separation of these signaling pathways down- 
stream of UNC-40. Our data are consistent with observations from 
other genetic studies. For instance, a genetic study in C. elegans 
GABAergic neurons resulted in the identification of mutants re- 
quired for the localization of active zone protein SYD-2, but not 
for the localization of synaptic vesicle protein SNB-1 (Yeh et al, 
2005). Moreover, in Drosophila, ghost boutons, which are not in 
direct contact with postsynaptic partners, lack active zone proteins 
yet contain synaptic vesicles (Ataman et al., 2006). Therefore, in 
some developmental contexts, including AIY, active zone assem- 
bly and synaptic vesicle localization are genetically separable 
events. It should be noted, however, that we do observe that active 
zone proteins are required for the clustering of synaptic vesicles 
in AIY. Double-mutant analyses between syd-l(ju82);mig-10(ct41 ) 
suggest that these two molecules act in parallel in vesicle cluster- 
ing. Together, our findings indicate that a single receptor, UNC-40, 
can instruct vesicle clustering by simultaneously activating a 
Rac GTPase pathway and instructing the localization of active 
zone proteins. 

We show that synaptic vesicle clustering at the synapto- 
genic site results from the asymmetric localization of a signal- 
ing module in response to Netrin. We find that the asymmetric 
organization of the signaling molecules starts with the localiza- 
tion of the Netrin receptor UNC-40. Glia-derived Netrin modulates 
the asymmetric accumulation of UNC-40 through an inter- 
action with the UNC-40 ectodomain. UNC-40 then directs synap- 
tic vesicle clustering at the Netrin-specified coordinate through 
the UNC-40 intracellular domain. We found that CED-5 localizes 
to presynaptic sites in response to Netrin and is required for syn- 
aptic vesicle clustering in AIY. Our data also suggest that CED-5 
signals through the Rac GTPase CED-10 to instruct synaptic 
vesicle clustering. In many disparate neurodevelopmental events, 
Racs modulate the asymmetric reorganization of the actin 
cytoskeleton in response to extracellular cues (de Curtis, 2008; 
Miyamoto and Yamauchi, 2010). In synapse formation, the role 
of Racs is best understood at postsynaptic spines (de Curtis, 
2008). We now find that at presynaptic sites, Racs can also 
instruct asymmetric organization of the actin cytoskeleton and 
direct synaptogenesis in response to Netrin. 

The pathway we report here is required for the correct 
organization of the actin cytoskeleton in response to Netrin. 
Thus, Netrin-mediated cytoskeletal reorganization underlies 
both axon guidance and synaptogenesis. Surprisingly little is 
known regarding the role of actin during presynaptic assembly 
(Dillon and Goda, 2005; Cingolani and Goda, 2008; Geraldo and 



Gordon- Weeks, 2009). Tissue culture studies have demonstrated 
that F-actin is essential for the early development of presynaptic 
sites (Zhang and Benson, 2001; Dillon and Goda, 2005; Cingolani 
and Goda, 2008). Given our data and these findings, we propose 
that Netrin instructs synaptic vesicle clustering by organizing 
F-actin in presynaptic regions. Therefore, a signaling module 
used in other cells during axon guidance is synaptically localized 
in AIY to instruct synaptic vesicle clustering. 

The development of the nervous system is orchestrated 
with a limited number of molecular cues. As we learn more 
about these molecular factors, we are discovering that distinct 
neurodevelopmental events share common signaling molecules. 
Our findings indicate that Netrin activates similar pathways 
while instructing guidance and synaptic vesicle clustering. We 
find that while directing synaptic vesicle clustering, UNC-40 
and its downstream signaling module are subcellularly localized 
to presynaptic regions of AIY. Our work provides evidence that 
in vivo neurodevelopmental outcomes may be differentially in- 
structed between cells, not only through novel intracellular signal- 
ing pathways, but also through the directed asymmetric localization 
of known signaling complexes. 

Materials and methods 

Strains and genetics 

Worms were raised on NGM plates at 20°C using OP50 Escherichia coli 
as a food source. N2 Bristol was used as the wild-type reference strain. 
The following mutant strains were obtained through the Caenorhabditis 
Genetics Center: ced-10(n3246JIV, unc-40(e271 jl, unc-6lev400jX, mig-10 
(ct41)lll, ced-5(nl812)IV, unc-73((e936)l, mig-2[mu28)X, rac-2(ok326)IV, 
ced-W(n!993)IV, syd-1 (ju82)ll, and unc-1 15(ky275jX. The alleles ced-5 
(tm 1 949)IV and ced-5(tm 1 950) were kindly provided by the Mitani labora- 
tory of the Tokyo Women's Medical University School of Medicine (Tokyo, 
Japan). The ced-5(nl 81 2};ced-l 0(n 1993) parent strain for the double mutant 
was kindly provided by the Horvitz laboratory of the Massachusetts Institute 
of Technology (Cambridge, MA). 

The unc-40(e271 ) mutation is a null allele. The nucleotide polymor- 
phism is c7968t and results in a R824* (Arg to opal stop) in the ectodomain 
(Roy, P., personal communication). 

Molecular biology and transgenic lines 

Expression clones were made in the pSM vector (Shen and Bargmann, 
2003). The plasmids and transgenic strains (0.5-30 ng/pl) were gener- 
ated using standard techniques and coinjected with markers Puncl 22::gfp 
or Puncl 22::dsRed (15-30 ng/ul): wyls45 [Pttx3::gfp::rab3], wyExl 149 
[Pttx3::unc40::gfp], wyEx523 [Pttx3::unc40 ectodomain::mch], wyEx540 
[Pttx3::unc40 endodomain::mch], wyExl697 [Punc40::unc40 ectodomain], 
wyEx650 [Punc40::unc40], olaEx586 [Pttx3::gfp, Phlhl 7::mch], olaEx738 
[Pttx3::gfp, Phlhl 7::mch], olaEx745 [Punc40::unc40minigene::ced5], 
olaEx581 [Pttx3::ced5::gfp], olaEx 1 35 [Pttx3::rfp, Pglr3::rfp, Fosmid WRM 
066dB08], olaEx324 [Pttx3::migl0b::gfp], olaEx294 [Pttx3::UtrCH::gfp], 
o/a£x4 /0[Pttx3::migl0b::mCh, Pttx3::UtrCh::gfp], olaEx602 [Pmig 1 0b: :gfp, 
Pttx3::rfp], olaEx866 [Pttx3::snb-1 ::yfp, Pttx3::mCh::rab3], olaEx915 
[Pttx3::sngl ::yfp, Pttx3::mCh::rab3], wyls93 [Pglr3::mCh::rab3, Pglr3::glrl ::gfp], 
wyEx!826 [Pttx3::syd2::gfp], and olaEx297 [Pttx3::sydl ::gfp]. 

Detailed subcloning information will be provided upon request. MIG- 
10B cDNA was isolated by PCR from cDNA collected from a mixed stage 
population. CED-5, MIG-2, and RAC-2 cDNA were obtained by the same 
methods. The UNC-40CED-5 chimera fusion protein was constructed with 
CED-5 cDNA fused in-frame to the C terminus of the UNC-40 minigene 
(Colon-Ramos et al., 2007), driven by the endogenous UNC-40 promoter. 

Fluorescence microscopy and confocal imaging 

Images of fluorescently tagged fusion proteins (eGFP, GFP, YFP, and mCherry 
with excitation wavelengths of 488 and 561 nm) were captured at room 
temperature in live C. elegans using a 60x CFI Plan Apochromat VC, NA 
1 .4, oil objective (Nikon) on an UltraView VoX spinning-disc confocal micro- 
scope (PerkinElmer) on a stand (Ti-E; Nikon) with an EM-CCD camera 
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(model C91 00-50; Hamamatsu Photonics). Images were acquired and 
processed with Volocity software (PerkinElmer). All images are maximal 
projections ("Extended Focus" in Volocity). Final processing of images, in- 
cluding rotation and cropping, was performed with Adobe Photoshop CS4 
(Adobe Systems, Inc.). Any quantifications were performed on maximal 
projections of raw data. Worms were immobilized using 1 0 mM levamisole 
(Sigma-Aldrich) and oriented anterior to the left and dorsal up. 

Mosaic analysis 

Mosaic analysis was conducted on mig-1 0(ct41 ) animals by expressing 
unstable transgenes with a mig-1 0 rescuing construct and cytoplasmic 
markers in RIA and AIY [olaExl 35). Animals were inspected for retention 
of the transgene and rescue of AIY presynaptic patterning using a micro- 
scope (model DM5000 B; Leica). We conducted mosaic analysis for AIY 
presynaptic patterning by scoring mig-1 0(ct41] animals for rescue of syn- 
aptic vesicle distribution in AIY, as defined by an enrichment of synaptic 
vesicles in Zone 2 and discrete synaptic vesicle clusters in Zone 3. Array 
retention was tracked in AIY and RIA with cytoplasmic RFP (Yochem and 
Herman, 2003; Colon-Ramos etal., 2007; Herman, 2007). 

Quantification 

Quantification of the axon guidance or cell migration phenotype in AIY was 
conducted as described previously (Colon-Ramos et al., 2007). In brief, 3D 
reconstructions of confocal micrographs were closely examined and scored 
for the cell migration of the AIY cell body to the retrovesicular ganglion and 
the three navigational decisions AIY makes as it traverses the ventral nerve 
cord and the nerve ring: (1) anterior projection through the ventral nerve 
cord, (2) dorsal turn at the nerve ring, and (3) circumnavigation of the 
nerve ring until the AIY neurite contacts the sister AIY at the dorsal midline. 
Significance was determined using a two-tailed Fisher's exact test. 

Quantification of the distribution of GFP::RAB-3 in AIY was completed 
by measuring average fluorescence intensity over the Zone 2 region in 
confocal micrographs. Fluorescence intensity was measured using the line 
scan function of ImageJ (National Institutes of Health, Bethesda, MD) and 
tracing the AIY process. To measure the average fluorescence intensity in 
Zone 2, Zone 2 was morphologically defined in adult animals as the region 
of the AIY process which encompasses the dorsal turn as the process exits 
the anterior ventral nerve cord and enters the nerve ring (~5 urn; boxed in 
all figures; Colon-Ramos et al., 2007). This anatomical definition of Zone 
2 was informed by the reconstructions of EM micrographs in White et al. 
(1986). In wild-type animals AIY forms synapses with RIA only in the Zone 
2 region, as determined by reconstructions of EM micrographs. In addi- 
tion, in wild-type animals the AIY axon width is roughly four times larger 
in Zone 2 than in Zone 3 (White et al., 1 986; Colon-Ramos et al., 2007). 
Total fluorescence intensity in this region was divided by the exact length 
of the measured Zone 2, yielding the average fluorescence intensity over 
the Zone 2 region. To determine average total AIY fluorescence intensity of 
GFP::RAB-3, Zone 2 average fluorescence was added to Zone 3 average 
fluorescence. To determine the average fluorescence intensity of GFP::RAB-3 
in Zone 3, Zone 3 was morphologically defined as the region of the AIY 
neurite immediately dorsal to the Zone 2 region extending to the end of the 
dorsal midline. Total fluorescence intensity in this region was divided by 
the exact length of the measured Zone 3, yielding the average fluorescence 
intensity over Zone 3. 

To quantify the enrichment of MIG-1 0: :GFP and UtrCH: :GFP in AIY, 
we first identified extrachromosomal transgenic lines that displayed stable 
expression of MIG-1 0::GFP or UtrCH::GFP [olaEx324 and olaEx294, 
respectively). To ensure consistency across experiments, the same extra- 
chromosomal line for each construct was then crossed into the specified 
mutant backgrounds. Quantification was completed by using the line scan 
function of ImageJ and tracing the AIY process. Quantifications were per- 
formed blindly, without knowledge of the genotype. The fluorescence intensity 
in Zones 2 and 3 were determined as described above. Total fluorescence 
intensity of the Zone 2 region was divided by total fluorescence intensity 
of both Zones 2 and 3, yielding MIG-1 0::GFP or UtrCH::GFP enrichment 
in Zone 2. 

Statistical analyses 

Statistical significance for categorical data was determined using Fischer's 
exact test. Error bars for categorical data were calculated using 95% con- 
fidence intervals. For Figs. 2 H, 3 O, 4 G, 5 E, and 7 B, statistical signifi- 
cance for continuous data was determined using one-way ANOVA with 
post-hoc analysis by Fischer individual and Tukey simultaneous confidence 
intervals using Minitabl6 software. Error bars for continuous data were 
calculated using standard errors of the mean. 



Online supplemental material 

Fig. SI and Fig. S2 display colocalization of mCh::RAB-3 and SNB-1::YFP 
or SNG-1 ::YFP, respectively, in relevant mutant backgrounds. Fig. S3 demon- 
strates that UNC-40 localization to presynaptic regions is dependent on 
UNC-6. Fig. S4 depicts AIY cell migration and axon guidance in relevant 
mutant backgrounds. Fig. S5 shows RIA cell migration, guidance, and 
pre- and postsynaptic localization in relevant mutant backgrounds. Online 
supplemental material is available at http://www.jcb.org/cgi/content/ 
full/jcb.201 1 10127/DC1. 
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